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ABSTRACT

Using photofragment translational spectroscopy, we have monitored
the dissociation of CH,BrCH,I at 248, 266, and 308 nm, and CF,BrCF,I and
CF,ICF,I at 308 nm. The primary fragments are I(Zpyz) and I(ZPUZ) and
the corresponding haloethyl radicals. The I(zPyz) contribution
decreases upon fluorination, but it is dominant for CH,BrCH,I at 308
nm. The electronic absorption dipole lies roughly along the C-I bond
axis in every case. Stable CF,CF,Br and CF,CF,I radicals can be readily
genefated through photodiésociation of the parent compounds, while
stable CH,CH,Br could not be unambiguously observed. Upper limits to
the reaét‘ion enthalpy at 0 K for CF,ICF,Br(I) - C,F, + I + Br(I) are 75
+ 1(59 £ 1) kcal/mol. The TOF spectra and felated data suggeét that
there is a barri’er to decomposition for CF,CF,I - C,F, + I that exceeds

the C-I bond energy in the radical.

PACS: 82.50.F, 35.20.G, 82.60.C, 33.80.G

Suggested running title: Photodissociation of Iodohaloethanes



I. INTRODUCTION
| Through measﬁrements of the velocifies.of recoiling fragments,
photodissociation experiments reveal how energy is partitioned at the
moment of decomposition. - This K partitioning .depends on angular
moméntum constraints and the extent of energy transfer prior to bond
fission, as well as the nature of the interaction potential between
the dissociating fragments. Comparative studies of similar molecules
show ‘how the shapes of the translational energy distributions mirror
small changes in molecular structure and composition. In addition,
experiments which can measure limiting velocities imposed by energy
conservation afford new opportunities to measure upper and lower
bounds for diverse therméchemical quantities in a collision free
environment. We have recently pursued these ideas by monitoring the
ultraviolet dissociation of the iodohaloethanes and the formation and
décay of the internally excited haloethyl radicals produced by C-I
bond fission. The results showchat“electrénic excitation of the
iodine atom and the stability of the radical depend sensitively on
the skelétal atoms. By appropriately choosing these atoms and the
laser wavelength, we can generate weakly bound haloethyl radicals with
internal energies below their dissociation threshold.
In this paper, we describe results for the ultraviolet decomposi-
tion of the iodohaloethanes CF,ICF,I and CF,BrCF,I at 308 nm, and

CH,BrCH,I at 248, 266, and 308 nm. These measurements follow previous
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studies of CH,CI1CH,I' and CF,BrCH,I’ at all three wavelengths and
CFzBrCF213 at 248 and 266 nm. This survey of the iodohaloethanes helps
to establish a clearer picture of their decomposition and the

subsequent chemistry of the free radical products.

Photodissociation Channels
Following absorption of an ultraviolet photon, the iodohaloethane
Y-CX,CZ,~I decomposes along three pathways for X and 2 = F or H, and

Y = Cl, Br, or I:

C-I bond fission
Y-CX,CZ,~I + h V= Y-CX,CZ, + I
with formation of stable radical
Y-CX,CZ,, |
possibly followed by spontaneous decomposition
Y-CX,CZ, - Y + CX,=CZ,
or photodecomposition
Y-CX,CZ, + h¥ ~ ¥ + CX,=CZ, ,
possibly followed by double bond fission

CX,=CZ, - CX, + C2,

c-Y bond_fissioh

Y-CX,CZ,-I + hV = CX,CZ,-I + Y

with formation of stable radical
CX,CZ,~I,

possibly followed by spontaneous dgcomposition



CX,CZ,~I = I + CX,=CZ,
or photodecomposition

CX,CZ,~I + hy—= I + CX,;=CZ, .

three body decomposition.
Y-CX,CZ,~I + h¥Y= Y + CX,=CZ, + I

Cc-I bbnd fission is the dominant primary process following photon
absorption at 248, 266, and 308 nm. Iodine atoms are ejected in the
ground electronic state I(ﬁ%R) (denoted as I) and the spin-orbit
excited state,I(zPV?) (denoted as I*),_21.7 kcal/mol higher in energy.
The energy available for translation and internal excitation of the
radiéal is the photon energy hv minus the C-I bond energy Dg(CfI) and
spin-orbit term E, for the I' channel. . In:fhe experiments_peffqrmed
here, the translational compohent is measured by the time-of-flight
(TOF) technique, and the internal energies are obtained by energy
balance. ' We have observed a. rough trend among the five

iodohaloethanes for both iodine channels to partition approximately-

half of the excess energy into translation and half into vibration and - .

rotation of the radical. The distribution is broad enough to prépare
the Y-CX,CZ, radicals with a wide range of interna; energies. When
thej are born with an energy exceeding the mechanical barriervfor c-
Y bond rupture the radicals will .spontaneously decompose into Y and
the substituted ethylene CX,=CZ,. The free Y atoms are expected to be
pfoducedtin their ground electronic state, but many radicals contain

sufficient energy to decompose into the ethylenic compound and ‘an



excited atom.

The C-Y bonds in the radicals are 40 to 60 kcal/mol weaker than
in the parent haloalkanes, since decomposition follows a concerted
path that breaks the C-Y bond while forming a new C=C 7 bond. The 7
bond in CF,=CF, is weaker than in CH,=CH, in part because of the unusual
stability of singlet CF,; fluorination effectively strengthens the C-
Y bond in the radical by weakening the 7 bond that forms.* Secondary,
spontaneous decomposition into Y + CX,=CZ, is. observed for every
molecule in tﬁe I(ZPS/Z) "channel, but it occurs less often when I(ZP”Z)
is ejectéd since the energy available for breaking the C-Y bond is
21.7 kcal/mol lower. Thus, competition between the I and I’ channels
intimately determines the stability of the nascent radical. Since
skeletal fluorination increases the I'/I branching ratio in addition
to stréngthening the C-Y bond in the radical, stable fluorinated
radicals are produced far more abundantly by ultraviolet photodis-
sociation.

Photon absorption and decomposition of the radical can also occur
during the same laser pulse that dissociates the parent molecule and
creates the radical. We have previously observed photodissociation
of CF,BrCH, at 248 and 266 nm, where Br and CF2=CHZ recoil with
velocities larger than allowed by the initial photon absorth:.on.2
Primary C-Br photodissociation was also postulated at these
wavelengths, indicating that the iodine atom may strongly perturb the
C-Br absorption spectrum. In earlier studies, Krajnovich et al.
recorded spectra of CF,BrCF,I which suggest that the' CF,CF,Br radical

3

phbtodissociates at 248 nm. The CF,CF,-I radical readily absorbs a
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second photon at 308 nm; the internal energy is then often sufficient
to break both the C-I radical bond and the CF,=CF, double bond.

When the excess energy appears predominantly in relative motion
of iodine and Y-CX,CZ,, the radical is internally cold and does not
decompose. By measuring the minimum internal energy required to break
apart the :adical, we can estimate an upper limit to the reaction
enthalpy AH, at 0 K for the full decomposition Y-CX,CZ,-I - Y + CX,=CZ,
+ I. AH, equals the sum of the C-I and C-Y bond strengths, and deter-
mines the heat of formation of the parent compound from known values
of the products. These measurements depend on the appearance of

stable haloethyl radicals, which were observed for every species but

CH,CH,Br. This elusive species is indeed bound, but too little energy

is removed in the relative motion of I and CH,CH,Br to keep the C-Br
bond from breaking. . We can estimate the bond eneréy at 0 K by
assuming that Dj(H-CH,CH,Br) = Dj(H-CH,CH;) and calculate that Dj(CH,CH,-
Br) = 6 + 1.5 kcal/mol.1a Benson and O'Neal, however, have estimated
that this bond energy is near 8_kcal/mol with an activation enerqgy for
the reverse addition of less than 3 kcal/mol, so that a total of 11
kcal/mole could be required to break the C-Br bonc_l.5

Finally, in some cases photodissociation may not follow the
sequential processes described above, but instead proceed directly
through three body decomposition. Our results suggest that some
lCHZBrCHzI undergoes nearly simultaneous I and Br elimination at 248 nm,
arising perhaps from the strongly overlapping C-Br and C-I absorption
bands shown in Fig. 1, and from the relatively low energy required to

break the C-I and C-Br bonds. Recently, Taatjes and Leone measured
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the Br /Br ratio to be >0.1 for CH,BrCH,I at 248 nm;®

the appearance
of Br further implicates C-Br photon initiated dissociation assuming
that only ground state bromine is produced during spontaneous radical
decay. We emphasize, however, that it is difficult to discriminaﬁe
between impulsive C-Br bond fission following direct photon absorption
and very rapid secondary dissociation following C-I bond fission.
Within the local, diatomic model of C-I bond photodissociation,
ultraviolet absorption excites an iodine nonbonding 5P electron into
the lowest unoccupied, antibonding o' orbital.’ ZPyz ahd»"‘PU2 iodine
atoms presumably arise from excitation of absorption dipoles which are
'perpendicular and parallel, respectively, to the C-I bond axis.
'However, experiments have shown that the transition moment leading to
photodissociation in the iodoethanes is always nearly pafallel to the
C~-I axis  for both iodine states with 248, 266, and 308 nm

1,2,3,8,9

excitation. The production of ground state iodine is attributed

to mixing of the strongly repulsive o states in these polyatomic
molecules through spin-orbit coupling in the heavy iodine atom.Léﬂ”°
The fully allowed 1" channel is strongest at 266 nm near the C-I
absorption maximum shown in Fig. 1, but becomes quite weak at 308 nm
for the hydrogen substituted species CH,BrCH,I, CH,C1CH,I, and CF,BrCH,I.

The experiments describéd below confirm the general con-
clusions‘ cited above: (1) excess energy is partitioned roughly
equally between translation and internal degrees of freedom, (2) the
absorption dipole remains nearly parallel tb the c-I bond axis at all

three wavelengths, despite the prevalence of ground state iodine at

308 nm, and (3) the C-Y bonds in the Y-CX,CZ, radicals are very weak
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but strengthen upon fluorination, reflecting . the isolated C-Y and

CX,=CZ, bond strengths. - .

II. EXPERIMENT

The rotating source photofragment apparatus and experimental
technique were described in detail in an earlier paper.z The
particular conditions for producing .beams of each molecule are -
collected in Table I. A molecular beam is formed by bubbling argon
or nitrogen through the liquid reagent and expanding the mixture
through a 0.125 mm dia. heated nozzle with a total pressure of 300
torr. The beam is then confined by two skimmers to an angulaf
divergence of 3° and travels 7.4 cm before intersecting a polarized
excimer laser at 248 and 308 nm or an Nd:YAG laser at 266 nm. Table
I also lists the laser pulse eneggies and spot sizes. Photofragments
at a selected laboratory angle 6, travel 36.8 * 0.25 cm to the
ionizer of the mass spectrometer, where their time of arrival is-
recorded in one microsecond intervals with.a multichannel scaler.

Data is accumulated repetitively at several 8, ,; to obtain angular
distributions of the recoiling products. A second method is also used
at 248 and 308 nm, where the signal is recorded at a fixed laboratory _
angle with laser polarizations parallel and perpendicular to the
detector axis. ’

The fluorinated compounds were purchased from SCM Specialty
Chemicals, and bromoiodoethane was purchased from Fairfield Chemical
Company. CH,BrCH,I was determined by GC-MS analysis to contain 5%

CH,ICH,I; the diiodoethane melts at 83°C, about 43°C above the bath
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temperature. The nozzle was heated only to 150°C for this molecule,
since decomposition occurred at higher temperatures. For CF,ICF,I,
molecular beams were formed using both argon and nitrogen as carrier
gases at nozzle temperatures of 50°C ahd 250°C. N, suppresses dimer
formation better than Ar, but the attendant vibrational and rotational
cooling during the expansibn is correspondingly worse.

Time-of-flight spectra N(t) were recorded at m/e = 127. (",
m/e=79 (Br'), m/e = 100 (C,F,"), m/e = 50(CF,’), and m/e = 26 (CH,").
The spectrometer resolution was set low enough to collect a large
fraction of the ®'Br isofope, and tuned to m/e = 26 to monitor the
dissociative ionization of ethylene to avoid the large background at
mass 28. We obtained a sufficient signal to noise ratio at m/e = 26
only at 266 nm. Most stable radicals dissociatively ionize upon
electron impact and could not be detected directly, with the exception
of CF,CF,I at 308 nm. .Table I indicates representative time-integrated
signal levels in ion counts/laser-pulse for the three molecules. The
flight time in microseconds from the ionizer to the detector is
a(amu)"z. a=4.0 ps/(amu)”2 for experiments using Arvcarrier gas and

4.2 pus/(amu)/? for experiments using N,.

IIX. RESULTS AND ANALYSIS
A. Methods of Analysis

The laboratory TOF spectra are the raw data used to compute the
center-of-mass(c.m.) energy distributions, anisotropies (distribution
of recoil directions with respect to laser polarization), and I'/I

branching ratios. The probability p(e.,,v,) of the angular and
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velocity disfributions' of the fragments in c.m. coordinates is
recovered from the laboratory data using the prescription p(e_,v.,) =
Viwﬁﬁus P(6 5,V pg) ;| convoluted over the distribution of parent beam
velocities and the effective length of the ionizer. We assume that
P(8./E,) 1S equal to a product of functions T(8_,)P(E;), where T(®_)

11

6. is the angle

= 1 + BP,(cos8,) for electric dipole absorption. m

between the laser polarization and detector axes. For a direct
dissociation from a repulsive state, B reflects the orientation of the
transition moment with respect to the bond dissociation axis; B is 2
when the dipole is parallel to the dissociation coordinate and -1 when
" perpendicular. Rotation and distortion of the excited complex drive
B toward smaller (absolute) values. When only two body dissociation
occurs, momentum conservation determines the recoil energj of the
‘unobserved fragment, and the c.m. distribution of total translational
energies P(E;) can be calculated. For three body di;sociation, limited
information can be obtained when all‘three fragments are observed. '?
"Sequential, two body dissociation is more difficult to analyze..
Kroger and Riley first formulated an elegant solution in their studies

¥ We use an alternative procedure

of acetyl iodide photodissociation.
that will be described in a Separate report.“ For the secondary
dissociation of CF,CF,I into CF,=CF, and ' I at 308 nm, we have made an
estimate of the average recoil energy of the products by modeling the
CEECF; TOF spectrum. This data, shbwn léter in Fig. 8, displays a
characteristic bump at flight times shorter than the stable radical

signal and indicates that the secondary products are recoiling from

each other at substantial velocities.
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B. CF,BrCF,I at 308 nm

Representative I' TOF spectra are shown in Fig. 2 at 8, = 20°%,
40°, and 50°. In analogy with previous studies, the fast and slow
peaks are assigned to iodine atom recoil in the primary dissociation
CF,BrCF,I - CF,CF,Br + I(I'). By energy conservation, the fast peak
must be ground state iodine(I) while the slower peak is assigned to
excited state iodine(I'). The dashed lines indicate a 1likely
deconvolution, and the solid line is the overall fit to the data. The
total c.m. translational energy distribution P(E;) is displayed in the
bottom panel, illustrating I and I" contributions of 23% and 77%. The

arrows mark the energy available for translation, E determined by

avl’
hyv- Dg-(C-I) = 92,8 ~ 52 = 40.8 kcal/mol for the I(2P3/2) channel and
40.8 - 21.7 = 19.1 kcal/mol for the I(ZPVZ) channel. The interna_l
energy initially in the parent molecule is excluded from this
estimate, but a fraction of it can also be channeled into translation'.
DS(C-I) is assumed to equal the bond energy for CF,CF,~I, since the

C-I bond strengths are not precisely known for_' the iodohaloethanes.

The average translational energy release <E;>/E for each channel is

avl
.60 for I and .73 for I . Séparqte fits to the time integrated signal
at 20° through 50°, and at.v 40° with parallel and perpendicular laser
polarizatiions, determine the anisotropy to be 1.2<b<1.8 for both
iodine states.

The TOF spectrum of CF.‘_,CFZ+ (m/e = 100) is shown in the top panel

of Fig. 3; CFZCFZ+ is generated by dissociative ionization of the

stable radical CF,CF,Br and direct ionization of CF,=CF,. The two peaks
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are produced by recoil of stable radical through the I and I" channels
of the primary dissociation. The slow peak is fit well by using the
P(E,) derived from the excited state iodine TOF spectrum, indicating
that all CFZCFZBr radicals from the I’ channel remain stable. The fast
éeak ‘lacks slow signal predicted from the ground state I channel,
shown by the dotted line, implying that the slower, more internally
excited CF,CF,Br decomposes into CI“ZCF"2 and Br. The recoiling CF.CF, -
appears at longer and shorter flight times, adding té and distorting |
signal from both channels.

An upper 1limit to the reaction enthalpy is determined by
measuring the slowest arrival time for stable CF,CF,Br; this flight
time determines the minimum translational energy release E_;, and vby
energy balance the maximum internal energy for surviving radicals.'
The energy required to break both C-I and C-Br bonds, A H (0), is less

than or equal to hVy - E (-E,,) for I(I') by energy balance. our

min
results determine an upper bound to A H, since there may" be .a
mechanical barrier to dissociation in excess of the bond enérgy.
Trial fits to the trailing edge of the peak in Fig. 3 correspond to
total c.m. translational energies Emin# 19 + 2 kcal/mol, shown in the
bottom panel. The enthalpy for the reaction
CF,BrCF,I - CF,CF, + I + Br

at 0 K is then hy - E; = 92.8 - 19 = 73.8 % 2 kcal/mol. Ap-
proximately 65% of the radicals produced in the ground state iodine
channel are stable, so that 90% of all nascent CF,CF,Br remain intact

at 308 nm. The same value of E  was measured by substituting Nz'seed

gas at a nozzle temperature of 50°C for argon at 250°C. Possible sy-
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stematic-errors in determining the reaction enthalpy will be discussed.
later.

Since the trailing edge of the fast peak in Fig. 3 is partly
obscured, we repeated the experiment at 266 nm, and obtained'the
CF}CF}’ spectrum shown in the upper panel of Fig. 4. The nearly flat
secondary dissociation signal has been subtracted from the data, so
that signal from the stable radical disappears at thé baseline. Only
excited state iodine is produced at this wavelength, and the slowest
arrival times for the stable radical correspond to E, = 11 * 1
kcal/mol; The reaction enthalpy for this measurement is hv- E - E

= 107.5 - 21.7 - 11 = 74.8 * 1 kcal/mol, close to the value above.

At 266 nm, 65% of the radicals remain stable.

C. CF,ICF,I at 308 nm |
RepresentativelTOF spectra at m/e = 127, m/e = 100, and m/e = 50
using an unpolarized excimer laser are shown in Figs. 5 through 8.
The parent molecules were seeded in N, at a nozzle temperature of 50°C,
in order to reduce the parent internal Aenergy and étill limit
clustering. Several processes contribute to the I’ spectra: I(I’) from
primary dissociation of CF,ICF,I, I(I') from spontaneous and stimulated
dissociation of the CF,CF,I radical, and iodine from dissociative
ionization of stable CF,CF,I. The dominant peak at 6, = 20° in Fig.
5 is I' from primary iodine in the I’ channel, while the slower and
smaller peak is dissociative ionization of stable radical. The laser
- power dependence of the iodine signal indicates that both primary

iodine and stimulated dissociation of CF,CF,I contribute to the fast
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shoulder. Spontaneous dissociation of hot CF,CF,I makes up much of the
remaining broad signal. The time-integrated iodine signal is
appafently linear in laser fluence up to 3x10" photons cm™ pulse'1.

A rough estimate of the translational energy distribution for the
primary dissociation fragments. can be obtained by fitting the I' signal
at wide angles, where I' from CF,CF,I or from slowly recoiling products
of the decomposition of the radical cannot contribute. The fit to 6,
.= 70° is shown in Fig. 5; Ithe - fast component is composed of both
primary I(2P3/2) and of iodine from stimulated dissociation of the
radical, as indicated by its power dependence. The primary I(ZPUZ)
channel dominates the larger and slower peak and contributes roughly
70% of the signal. The calculated fit for this process is shown in
Fig. 5, and yields <E;> = 14 kcal/mol. The shape of the P(E;) changes
very little when the nozzle is heated to 250°C or when the laser power
is increased. | Q

The CFZCFZ+ TOF spectra mirror the processes observed in the I'
spectra. The most prominent feature is CFZCFZ’ from dissociative
ionization of stable radical, whose trailing edge determines E; .
Figs. 6 and 7 show five fits to the stable radical peak under
conditioné of differing laser power, seed gas, ion mass, and nozzle
temperature. In each panel, the estimated trailing edge of the stable
radical signal has been set to zero by subtracting the nearly constant
secondary dissociation signal. Additional spectra were recorded when
C,F,I, was seeded in argon at 50°C, when 6,; = 15°, and when monitoring

the CF," fragment. All spectra are fit by E;; = 12 * 2 kcal/mol, and

most fall within * 1 kcal/mol. These results yield AH, = 92.8 - 21.7
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- E, = 59.1 * 1 kcal/mol. The calculated solid line fits in each
panel were derived from fitting the CF}CF; spectrum in the top panel
of Fig. 6 using the P(E;) in Fig. 7. The higher temperature spectrum
in Fig. 7 differs on the slow side from those in Fig. 6 because of
spontaneous dissociation of a substantial fraction of the radicals
whose parent molecules acquired extra internal energy at-the heated
nozzle. The P(E,) for this spectrum is also shown in Fig. 7, and its
more gradual rise reflects the broader distribution 6f parent internal
energies. The similarity between the TOF sbectra using argon carrier
gas at a nozzle temperature of 250°C and nitrogen at 50°C suggests that
the vibrational temperatures are very similar and thaﬁ argon is much
more efficient in relax1ng vibrational deqrees of freedon. The
relatlve cooling rates are reflected in the substantlal clustering
observed with argon at 50°C in comparison with nitrogen at the same
nozzle temperature.

RRKM estimates and direct time-resolved measurements by Zewaii
and coworkers' point to picosecond lifetimes for vibrationally excited
CF,CF,I radicals, so that aﬁ low.laser fluence only radicals that are
stable or have internal energies just'above the dissociation threshold
are likely to photodissociate. Photon absorption by the radical
appears to depend weakly on its internal energy; the spectra in Fig.
6 show that the stable radical C,F," spectra at high and low laser
fluence have very similar shapes, although the change in internal
energy in the radical across the spectrum is 7 kcal/mol. This is in
contrast to the temperature dependence of the primary iodine signal,

which increases by roughly a factor of five over the nozzle



17
temperature range of 50°C to 250°C, after correctiné' for the decrease
in beam density at the higher temperature.

The secondary CFZCFZ’ signal shown in the top panel of Fig. 8 also
indicates that dissociation of CF,CF,I increases rapidly with nozzle
temperature. The sharp central spike is dissociative ionization of
stable radicél, and the faster peak and underlying background indicate
radical dissociation into C,F, and I. The average internal energy in
the parent molecule at 250°C before expahsion is 10 kcal/mol, while at
50°C it is 4.5 kcal/mol. The average internal energy imparted to the
radical fragment by photodissociation is h V- Dj(C-I) - E, - <E> =
92.8 - 52 - 21.7 - 14 = 5 kcal/mol. Thus, the parent internal energy
plays a prominent role in determining whether decomposition of CF,CF,I
can occur with a dissociation energy nominglly equal to AH, - Dj(C-I)
= 59 - 52 = 7 kcal/mol. Approximately half of the radicals created
in the primary dissociation remain stable at fluences of 4x10' photons

1

cm’? pulse' at a nozzle temperature of 50°C.

Spectra in the second and third panels of Fig. 8 show the laser

2 pulse™' for C,F, and

fluence dependence at 3 and aox10" photons cm’
CFZ* at 50°C. These spectra suggest that the fast peak at low and high
laser power adjacent to the stable radical signal is spontaneous
secondary dissociation into C,F, and I, while the fastest signal is
stimulated dissociation of the radical. Secondary photodissociation
actually causes the stable radical signal to decrease at high laser
fluences. The CF,=CF, attributed to spontaneous dissociation of the

radical recoils at low velocities, and the signal rises less rapidly

with laser power than the linearly increasing primary ‘signal. Thus,



18
some radicals that would have decomposed'spontaneously may instead be
photodissociating at high laser fluence.
Approximate fits to the sporitaneous secondary dissociation

signal using an RRK form'®

for the P(E,;) indicate average total c.m.
translational energies for CF,CF,I - CZF4'+ I of 3 to 5 kcal/mole. If
the C,F, observed at this low recoil energy were to be created by
photodissociation of the radical, then its internal energy would
exceed the double bond strength of CF,=CF, by more than 15 kcal/mol. |
Thus, the appearance of C,F, at low c.m. tran_slational energies is
consistent with a spontaneous dissociation pathway for CF,CF,I.

The bottom panel in Fig. 8 compares spectra monitored at CFZ’ and

+

C,F, at 50°C and high laser power. The. CF; spectrum reveals at least
one extra peak at fast times, attributable to photon absorption of the .
radical, followed by C-I and double bond fission of the radical into
CF, + CF, +‘ I(I') . This new peak is also evident in the high power CFZ+
spectra in the third panel. The highest velocity CF, fragments are
éonsistent with estimates of the strength of the double bond in

CF2=CF2,17 but the uncertainty in. the flight time of the rising edge

prohibits an independent measurement of the double bond strength.

D. CH,BrCH,X at 248, 266, and 308 nm
1. I' TOF Spectra

Representative m/e = 127 TOF spectra recorded at three
wavelengths are shown in Figs. 9, 10, and 11. Assuming two body dis-
sociation of CH,ICH,Br into I and CH,CH,Br, we have fit these spectra

using the energy distributions shown in Fig. 12. The available
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energies are calcﬁlated using ‘the C-I bond energy at 0 K of 54.5
kcal/meol for CH3CH2-I.1“
At 266 nm, the fast component is assigned to the I(zPyz) channel
and the dominant slower peak to production of I(ZPVZ). One likely
deconvolution is shown in Fig. 12, which yields a branching ratio of

I*/I = 9:1. The average translational energy <E;>/E_, for each channel

avl
is 0.47 for I" and .42 for I.  In order to derive the P(E;) which fits
the wide angle'data accurately, we foun@ that a portion of the slow
signal at small angles fell outside the calculated curve. This slow
component at éus = 20° grows quickly as the nozzle temperature is
reduced from 150°C to 90°C, indicating that the unfitted signal 1is
producéd by dissociative ionization of parent molecules recoiling
slowly from photodissociated clusters.

The fast and abrupt shoulder in the 248 nm spectra in Fig. 10 does
not have the shape typically associated with the I(%P;,) channel.'™
It extends at fast times to the available one photon energy limit but
not beyond, and may extend at slow times underneath the large peak.
The P(E,) which fits the overall data is shown in Fig. 12; the slower,
dominant peak is assigned to the I(ZPUZ) channél, for which <E;>/E,_, =
0.48. All dissociation events with energy higher than E:“ plus the
parent internal energy must belong to the ground state channel, but
this minimum value is less than 2.5%. The fast shoulder contributes
at least 5% of the signal, but its origin is uncertain.

The 308 nm TOF spectra in Fig. 11 reveal a smooth distribution
of points, and the derived P(E;) is a sharply peaked curve, which is

assigned to the I(zpyz) channel by energy conservation. The broadening
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of the P(E;) in Fig. 12 at energies lower than E;“ suggests that a
fraction of the dissociation evénts may follow the excited state
channel, which makes an estimated maximum contribution of 2‘0%. <E,>/E,,
equals 0.43 assuming that the I(ZPyz) channel accounts for the entire
distribution. This strong bias toward the ground state channel at 308
nm was also observed for CH,C1CH,I, where over 80% of the events lead
to I(%Ps,).’ |

]

The laboratory angular distributions at 20°, 30°, 40°, and 50° for
the overall signal detern'xiné the anisotropy to be 0.8<f<1.8 at 248 nm,
1.5<6<2.0 at 266 hm, and 0.9<B<1.9 at 308 nm. ' Further fixed angle,
parallel and perpendicular polarization scans at-e,, = 20° limit; B near

1.9-2.0 at 248 nm and 1.6-1.8 at 308 nm.

2. Br' and CH," TOF Spectra
The m/e = 79 and m/e = 26 TOF spectra are shown in Figs. 13 and

14.

a. 308 nm. Only one Br' spectrum was recorded because of the we_ak
signal at 308 nm. The solid curve is the predicted‘ Br' signal from
dissociative ionization of CﬁZCHzBr derived from the I' P(E;) assuming
that no radicals undergo decomposition. The smooth distribution of
'data points does not reveal a sharp break separating stable radical
from free Br atoms, thus prohibiting a determination of the reaction
enthalpy. The maximum literature prediction for AH, is 66 kcal/mol,

using a C-I parent bond energy of 55 kcal/mol and a C-Br radical bond
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energy of 11'kca1/mol.5 ‘This value implies that the radical would be
stable at flight times faster than 270 microseconds. The I' P(E,),
however, shows that fewer thén 1% of the radicals arev created with
such high translational energies. The sharp and fast signal in this
spectrum may indicate that the secondary dissociatio.n is extremely

rapid, reflecting the anisotropy of the primary bond fission.

b. 248 nm. The Br' spectra at 8, = 20° ‘and 50° are.shown in the bottom
two pah_els in Fig. 13. The solid curves are the predicted flight time l
profiles for dissociative ionization of CH,CH,Br based on the 248 nm
I' P(E,). There is again no clear delineation between Br' arising from
stable radical and from free Br atoms. CH,CH,Br radicals are expected
to be stable when arriving earlier than 260 microseconds, which occurs
near the peak of the spectrum. According to the 1’ P(E;) for the 1
channel, however, fewer than 5% of the dissociation events impart the
primary fragments with .'suAch high translational energies, and stable
CH,CH,Br cannot be unambiguously isolated in this spectrum.

We expect that the bromine signal arises mostly from secondary
dissociation of CHZCHZB'r but we cannot rule out thé possibility t_hat
direct CH,ICH,~Br photodissociatiqn plays a significant role; the
absorption spectrum in Fig. 1 indicates that C-Br excitation is likely
at 248 nm. - A third process which couid contribute. is
photodissociation of tﬁé radical, but there is no e\‘ri.dence for fa‘st
bromine atoms exceeding the one photon energy limit. The spectra in
Fig. 13 at 20° and 50° can be fit well by assuming primary dissociation

into Br and CH,CH,I with fg=1.7 and a P(E;) that peaks at 16 kcal/mol
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with a FWHM of the same value. The CH,CH,I radical, however, is not
bound and it is' likely that nearly instantaneous three body dissocia-
tion occurs as the C-Br bond breaks. The I atom eje_cted during this
process may be responsible for the fast shoulder in the I' TOF spectra,
which is absent in the Br* spectra. We noté that a similarAbut weaker
S o fast component was observed in the 248 nm dissociation of CF,BrCH,I,
in additilon to both the I and I’ ;:hannels. .In this case, direct C-Br
bond fission produces weakly bound CF,CH,-I radicals that undergo

further dissociation.?

c. 266 nm. Br' and CH," spectra at 6,; = 20° are shown in Fig. 14. 1In
these spectra, a fast shoulder is adjacent to a dominant and slowly
decaying peak, mirroring the two I and 1 peaks in the iodine spectra.
The solid and dashed component curves are 'predic‘tions for dissociative
ionization of CH,CH,Br if all radicals remiained stable following the
' primary I and I' paths. The predicted curves overlap with the sharp
peak in_‘the m/e = 79 spectrum, but the overlap is small at m/e = 26.
There are no visible momentum matched features in Br' and C,H," spectra
originating from dissociative ionization of the radical. Based on the
deconvolution of the I' P(E;) in F_ig. 10, we do not expect any stable
radical to survive in the I channel, and less than 2% to survive in
the I’ channel. The two peaks in the Br' and CZHZf spectra may largely
réflect secondafy dissociation of CH,CH,Br créated by the two I andlI'

routes of the primary dissociation.
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IV. DISCUSSION
A. Electronic Excitation and Energy Partitioning

The quantitative results from these experiments, along with
previous measurements for CF,BrCH,I and Cf‘ZBrCFZI, are collected in
Table II.'" They provide an opportunity to determine how skeletal F
and H atoms modify the photochemistry of Br-CX,CZ,~I. We find that F
and H substitutions primarily affect the I'/I branching ratio and
stabilities of the radicals. The thermochemical results are discussed
in the next section. o

The anisotropies of g>1 fof each molecule indicate that the
absorption dipole is aligned roughly along the C-I bond axis at 248,
266, and 308 nm. In cases where the two spin-orbit states of iodine
can be resolved, the anisotropies are very close. There is, however,
little correlation betweén B and. the I'/I branching ratio. The ground
state iodine channel is strongly' inhibited by fluorination but is
dominant for CH,BrCH,I, CH,C1CH,I, and CF,BrCH,I at 308 nm. The hydrogen
substituted species also have significant I(2P3,2) contributions at 248
nm,1'2'8'9‘19 but for CH,BrCH,I this channel appears to be anomalously low;
three body dissociation and direct C-Br absorption make the assignment
of the fast shoulder to the zpyz channel uncertain.. The fluoriné
substituent effect has been noted many times before, and can be.
correlated with both the increasing ionization potentiaf and mass® of
the haloalkyl group. Our results at 308 nm show that these effects
are - strongly wavelength dependent, reflecting the shapes and
.intersections of the repulsive excited state surfaces. The larger

fraction of I(2P3/2) atoms at 308 nm for all species increases the
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number of radicais with highvinternal excitation; and reduces the
number that remain stable. Thﬁs, photodissociation at 1longer
wavelengths does not neceésarily lead to products with less internal
excitation; the internal energies of the CH,CH,Br radicals at 248 and
308 nm are quite similar, and in both cases exceed the C-Br bond
strength.

| The average partitioning of energy between translation and the
internal modes of the radical varies weakly with fluorination. The
average translational energies cluster within 0.55 + 0.15, and
increase with the mass of the radical mainly at 308 nm. The values

of <E;>/E

i are somewhat lower than predicted by the equilibrium

geometry rigid radical model (RR), which ignores vibration and
determines the rotétional excitation from the impulsive torque as the
radical and iodine atom separ_at_e.8 The soft radical model (SR), which
constrains the initial impulse to occur between the iodine and

21 predicts values that are too low and that

attached carbon atoms,
shift in the wrong direction with radical mass. .

The widths of the translational energy distributions, expressed
as FWHM/<E;>, do increase with full fluorination of the radical, and
the broad distributions for CF,BrCF,I have been noted before.® The
fractional widths for CF,BrCH,I and CH,BrCH,I are within 0.1 at 248 and
266 nm, despite the increase in the number of vibrational modes below
500 cm' from 4 to 8 in the difluoro compound. At 308 nm, the
FWHM/<E,> values lie between 0.3 to 0.45, with the exception of the

broader fractional width of 0.55 observed for CF,ICF,I. Iodine

electronic excitation also has a modest effect. The I(ZPyz) channels
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have larger absolute widths but smaller relative ones, suggesting that
the ‘'extra 21.7 kcal/mol is channeled with low d_ispersion. and roughly
equally into the internal and translational modes. The similarity
among the widths and average values of E, reflects the very short time
available for energy redistribution during C-I bond fission, as well
as angular momentum constraints imposed by the rigidness of the
radical framework. Within the rigid radical model, the nascent Y-
CX,CY, will be rotating rapidly, with angular momentum J exceeding 150
h at peak translational energies. This rotational excitation can later
appear in the'relative motion of the secondary products.

'Molecules in the less stable gauche configuration can also alter
the measured P(E;), since they have larger equilibrium impact
parameters and should channel less energy into translation. Under
conditions in which the populations are locked at a nozzle temperature
of 250°C, the gauche conformers will contribute roughly 10% for
CH,BrCH,I, 20% for CF,ICF,I, and 30% for CF,BrCF,I.? oOur temperature
studies of CF,ICF,I at 50°C and 250°C in N,, however, do not reveal
significant broadening of the_ 1 P‘(ET) fitted to the I' spectra at 8 a8
= -70°.  The gauche conformers may play a more impor_tant role in
electronic energy fransfel_:', since the C-I and C-Y dipoles will no

longer be ali_gned.3

B. Thermochemistry of the Iodohaloethanes
Measurements of the minimum recoil energy of the stable radical
correspond by energy vconservatio‘n‘to the maximum internal energy at

which the CX,CZ,-Y radical survives before C-Y bond fission. The
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difference between this threshold translational ’energy and the
available energy is an upper limit to the sum of the C~I and C-Y ioond
strengths. This sum is the enthalpy of reaction AH, at 0 K for Y-
CX,CZ,-I - I + Y + CX,CZ,, and its value determines the heat of
formation of the parent iodohaloethane, since the product ther-
mochemistry is known. 1In this experiment, we measured the following

bounds to the reaction enthalpies and heats of formation at 0 K:

(1) CF,ICF,Br » I + Br + CFCF,
AH, £ 73.8 2 kcal/mol,-AH‘f"o(CFéICFZBr)’ 2 =176.6 + 2.7 kcal/mol »30'8 nm
AHy < 74.8 * 1 kcal/mol, AH] ,(CF,ICF,Br) 2 -177.6 * 1.7 kcal/mol 266 nm
(2) CF,ICF,I » I + I + CF,CF,

A H, £ 59.1 £ 1 kcal/mol, AH:'O(CFQICFZ'I) 2 -164.4 £ 1.7 kcal/mol 308 nm

Errors are propagated assuming that the uncertainties are additive,
since different literature values are used and the statistical
significances are difficult to compare.. The results for CF,ICF,Br at
266 nm are refined values of an earlier study by Krajnovich, Butler,
and Lee,3 and they supercede the values reported in Table VII of Ref.
2. Analogous values for CH,ICH,Br could not be determined since stable
CH,CH,Br radicals were not observable at any of the three
photodissociation wavelengths.

Our measurements of AH, are upper boum:ls,2 since greater internal
energies will be required to sumounﬁ any' potential or rotational

barrier or to provide some minimum product excitation when the radical
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decomposes. Thus, Y-szczzkfalls apart only when its j.nternal enerqgy
exceeds the sum of the C-Y bond strength and the barrier height, and
by energy conservation the minimum translational energy E,,will be too
low by the'bar‘rier energy. The measured AH, = E,, - E_; is then too
high.

We original_ly‘hoped that analysis of the spontaneous dissociation
of .the radical would determine the barrier height, but at bpresent the
analysis is too uncertain. The fast peak in the CF,CF," spectrum of
CF,ICF,I at 308 nm in Fig. 8 indicates that the secondary products are
recoiling at velocities corresponding to average translational
energies of 3 to 5 kcal/mol for vthe primary I’ channel. A part of this
fast recoil originates from rotatién, resulting from the conversion
of CF,CF,I rotational momentum J into orbital momentum L of the
. products, which separate with a finite tangential velocity. Assuming
that CF,ICF,I dissociates as a rigid molecule with impact parameter b
= 1.1 A, then at the most probable translational energy E, = 14
kcal/mol, J = pv, b = 170% If the CF,CF,~I bond stretches from 2.14
A to =3 A before dissociafion,zs then B ~ .02 cm’' for a C-C-I angle of
120°, and the c.m. secondary translational energy may approach 1.5
kcal/mol. This is enérgy originally in the radical as rotation that
becomes product translation.

Potential energy barriers in halogen plus ethylene reactions
are generally -émall, and accumulated evidence showé that Cl, F +
CH,=CH, proceed with activaﬁion energies E,, <'1 kcal/mol.?* Benson and
act

O'Neal estimate that E,.. is less than 3 kcal/mol for Br + CHZ=CH2.5- E

is believed to scale with the difference between the electron affinity
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of the halogen atom and the ionization potential of the olefin,® so

that E for Br + CF,=CF, and CH,=CH, should be similar. The activation

act
energy for I + CF,=CF, has to our knowledge not been measured. The
secondary peak in the 308 nm CFZCFz+ spectrum assigned to spontaneous
dissociation suggests, however, that its value lies near 3 to 5
kcal/mol.

The reaction enthalpies determinedv here are then upper bounds to
the sum of the two carbon - halogen bond energ.ies in Y-CX,C2,-I, ¥ =
Cl, Br, I. Decomposing AH, into individual C-I and C-Y bond strengths
requires further assumptions. The difference between AHy for CFéICFzI
and CF,ICF,Br, 15.2 * 1.5 kcal/mol, is very close to the differehce in
CF;CF,-I and CF3CF2-Br bond energies, 15.8 + 2 kcal/mol, measured by

Wu and Rodgers. 2

The similarity between these values implies that the
f~iodine atom affects the_c-Br and C-I bonds nearly equally. Assuming
that the C-I bond energies in ﬁhe two iodohaloethane compounds are the
same, and edqual to Dg(CF3CF2-I) = 52 * 1.3 kcal/mol, we can estimate
upper limits to the radical bond energies, CF,CF,~I(Br) - CF,=CF, +
I(Br), of 7.1 * 2.5 kcal/mol for C-I and 22.3 * 2.5 kcal/mol for C-
Br. These values will be reduced if A H, is too large or if the
primary C-I bond in the parent molecule is stronger than the C-I bond
in the CF;CF,-I analogue. On experimental grounds, this C-I bond
energy difference should not be more than 3 kcal/mol since the P(E;)
curves for the I’ channels extend very close to the estimated available

energies. 3.19

This uncertainty is substantial, however, for the weak
bonds in haloethyl radicals.

The radical bond energies can be compared directly through
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estimates of the 7 bond energy of _CF}=CF§' using the operational
definition® - | |
E, = Dj(CFsCF,~Y) - Dg(CF,CF,-Y)

= Dj(CF;CF,~Y) + Dj(YCF,CF,-I) - AaH,

& Dy(CF;CF,~Y) + Dj(CFsCF,-I) - AH,.

This definition equates the n bond energy with the difference in C-Y
bohd energies in the parent and radical, since in the radical a 7 bond
forms as the C-Y bond breaks. It thus assumes that the C-Y and 7 bond
energies_add independently in the radical and ;gnores interactions
which may stabilize the radical and effectively strengthen the C-Y
bond. The 7 bond energies determined by our experiments for CF,CF,Br
and CF,CF,I are 45.3 + 3.5 and 44.9 %.3.5 kcal/mol, respectively.?’
They are very close, indicating that I and Br lead to similar -
stabilization, or that there is a fortuitous canceliation between the
stabilization enérgy and the activation energy for C-Y bond fission.
Since our AH, values are upper bounds, thelcalculated E, values are
lbwer limits to the values defined by the above equation. our
estimated léwer limit tp the 7 bond.energy of 45 kcal/mol is indeed
lower than a previous measurement by 7 kcal/mol, determined by Wu,

Pickard, and Rodgers®

using Y equal to F in the definition above.
The origin of this discrepancy does not lie in the calculation

ofvK.v.Rodgers and coworkersf value of the 7 bond energy is based on

their earlier measurement of the heat of formation of CF,ICF,I of

-157.1 * 1, which is 7 + 3 kcal/mol higher than our estimate from the

value of AHR.3° Their value predicts that DS(CFZCFZ-I)’ = -0.27 * 3
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kcal/mol, and thus that the radical may not be bound'.z9 Simi;ar
calculations for Dg(CFZCFZ—Br) also yield a value 7 kcal/mole lower
than our upper estimate. The TOF spedtra in Fig. 6 show, however,
that the CF,CF,I radical can readily be synthesized; the width of the
stable radical P(E,) is in agreement with the predicted 7 kcal/mol
stability, and indicates that the radical can be created with a broad-
range of internal energies. These radicals, howevér, may be bound by
.rotational and potential energy barriers that éum to 7 kcal/mol. The
average recoil of CF,CF, and I during spontaneous dissociation of 3 td
5 kcal/mol is in accord with such‘a barrier, but the analysis is
complicated by substantial averaging during secondary dissociation and
by the possible interference.of photon-induced'radical derméosition
even at low laser fluences. The similar E, estimate from the CF,BrCF,I’
experiments makes explanations tl:xat' rely solely on barriers Ie;s
plausible, since the barrier to dissociation for CF,CF,-Br should be
smaller than for CF,CF,-I.

our results do not yet unambiguously determine the origin of'tﬁe
7 * 2.5 kcal/mol barrier to dissociation. It may arise from a
mechanical barriertto dissociation beyond a nearly zero C-I bond
energy in the radical, or it may reflect a true differenée in
thermodynamic stability between CFZCFZi and C,F, + I. We plan to extend
these measurements to a third analogue, CF,C1CF,I, since c-Cl bond
fission in the radical should proceed with very little activation
energy. Regardless of the source of stability, the cumulative
experiments described here show that large fluxes of intact haloethyl

radicals can be created by photodissociation. " This method promises
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to be an important source of reactive starting compounds for

future molecular beam experiments.
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Experimental Conditions?® '
CF,ICF,I CF,BrCF,l - CH,BrCH,I ~
Reservior .
temp (°C) 0 -13 ‘ 40
vapor pressure : o , :
(torr) 6 12 - . 4
Nozzle temp (°C) 250 250 150
(50)
wavelength (nm) 308 308 248 . 266 308
peak vélocity (cm/s) - 69300 68100 63200 : 648‘00 | 63600
: (69100) )
< (cm/s) 5020 5390 . 4550 5380 4580
' ‘ (4880)

Speed ratio, SP 13.8 12.6 13.9 14.8 13.9
B (14.2) |
laser energy (mJ/pulse)

parallel . » see text . 9 7 19 14

perpendicular : 14 12 17 21
spot size (cm?) 0.01 001 002 0.06 0.01
total counts/pulse ‘
I+ (20°) 0.6 0.5 1 0.8 1
C, Xt (20°) . : 0.15 0.2 - 0.08 -

Br+ (20°) . ' ‘ - 0.1 0.3 0.6 0.06

»numbers refer to experiments with argon carrier gas; numbers in parantheses for CF,ICF,l refer to
experiments using N, carrier gas

bincident molecule number density is N(V) = vzexp[-(—:? - 5)?
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Figure Captions ..

v(l) UV absorption spectrum of CH,BrCH,I vapor. The central peak is assigned to the (I)5SP -+ o
“transition. The (Br)4P -~ o_* t;a_nsition occurs at shorter wavelengths, but is partly obscured by air

‘absorption in the Cary 14 spectrometer.

- (2) Laboratory TOF spectra of iodine atom recoil from CF,BrCF,l at 308 nm at three LAB angles.
Circles are experimental points, and the solid and dashed lines are the calculated fits using the P(E,)
in the bottom panel. The dashed curves are the estimated contributions from the I(ZP3 /2) and I(ZP1 /2)

.channels.

(3) TOF spectrum of CFZCFZ’ from CF,BrCF,l at 308 nm. The fast and slow peaks are dissociative
ionization ‘of stable CF,CF,Br from the I and I* channels. The dotted curve is the calculated
Spectrum assuming that all the I channel fragments were stable, and the shaded region higﬁlights
error limits to the trailing edge of the fast peak. The lower panel shows the P(E;) for the fast peak,

which fixes Emin at 19 + 2 kcal/mol.

(4) TOF spectrum of CFZCFZ+ from CF,BrCF,l at 266 nm. The shaded region is an estimate to the
trailing edge of the spectrum normalized at zero signal level, calculated from the trial energy

distributions shown in the lower panel. E_. =11 % | kcal/mol.

(5) lodine atom TOF spectra from CF,ICF,I at 308 nm. The curve in the middle panel was

gene}ated from the translational energy distribution in the bottom panel.
(6) TOF spectra of CF,CF," and I' from CF,ICF,I at 308 nm near the stable CF,CF, peak. Zero
signal level represents the estimated trailing edge of the radical peak. The shaded regions are fits

to this edge using the trial energy'distributions shown in Fig. 7. E . =12 %2 kcal/mol in each case.

(7) Top panel: TOF spectrum of CzF,f from CF,ICF,l in N, at 250°C. Bottom panel: translational
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energy distributions for stable CF,CF,l obtained by fitting the spectra in the top panels of Fig. 6 and

of this figure. The two curves are not normalized with respect to each other.

(8) C,F," and CF," TOF spectra from CF,ICF,I at 308 nm obtained using low and high laser powers,
and with different temperature nozzles. The top panel shows the enhanced secondary dissociation
of CF,CF,l at high nozzle temperature. The lower panels reveal an extra fast peak in the CF 2* TOF

spectra that indicates secondary photodissociation of the radical into CF, +CF, + L

(9) TOF spectra of ‘iodine atom recoil from CH,BrCH,I at 266 nm. The dashed curves are the
estimated contributions from the I(2P3/2) and I("'P1 /2) channels using the translational energy

distributions of Fig. 12.

(10) TOF spectra of iodine atom recoil from CH,BrCH,I at 248 nm. Only the overall fit is showh,

using the P(E,) in Fig. 12.

(11) TOF spectra of iodine atom recbil from CHZICHZBr at 308 nm. Only one component is
dominant, assigned to the I(2P3/2) channel using the P(E;) in Fig. 12. The I(2P1/2) channel may

account for up to 20% of the signal.

_ (12) Center-of -mass translational energy distributions for primary C-I bond fission in CH,BrCH,I

at 248, 266, and 308 nm.

(1'3) Bromine TOF spectra of CH,BrCH,I at 308 and 248 nm. The solid curves are the calculated Br*’
signal from dissociative ionization of CH,CH,Br recoiling from the I atom, assuming that no radicals

decompose. The dashed curves in the 248 nm spectra are fits assuming primary C-Br bond fission.

(14) TOF spectra at m/e = 26 and 79 for CHzBrCHZI at 266 nm. The solid and dashed curves are
the calculated fits from dissociative ionization of CH,CH,Br recoiling from the I atom in the 2P3 /2
and 2P1 ;2 states. The poor agreement indicates that very little if any stable CH,CH,Br radical is

produced.
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